Despite global policy commitments to preserve Earth's marine biodiversity, many species are 1 in a state of decline. Using data on 22,885 marine species, we identify 8.5 million km 2 of 2 priority areas that complement existing areas of conservation and biodiversity importance. 3
increasing species populations (18), maintaining coral cover (19), and generally have higher 48 biomass than unprotected areas (20) . Similarly, marine KBAs are sites of significance for the 49 global persistence of biodiversity, supporting threatened or geographically restricted 50 species/ecosystems, intact ecological communities, important biological processes (e.g. 51 breeding aggregations), and/or having high irreplaceability (17). Marine wilderness areas are, 52 by definition, the least anthropogenically impacted areas of the ocean, and so are mostly free 53 of threats to biodiversity, at least for now (4). Wilderness areas, while not necessarily highly 54 biodiverse, also often contain high genetic diversity, unique functional traits and endemic 55 species, and much higher biomass than more anthropogenically impacted areas, so 56 safeguarding them is critical in a time of human-forced climate change (4, 21). Some KBAs 57 and marine wilderness areas are contained within MPAs, or are seen as core priorities for 58 future MPA expansion (4, 17), and they are also important in informing areas that may be 59 defined as "other effective area-based conservation measures" (OECMs: 22) or managed 60 through broad-scale policy approaches (e.g. fisheries restrictions). We hereafter refer to these 61 areas (MPAs, KBAs and marine wilderness) as "areas of conservation or biodiversity 62 importance", as all offer accepted conservation benefits through direct protection (i.e. MPAs) 63 or as areas of documented biodiversity importance (e.g. KBAs, marine wilderness). 64
Our analysis identifies species that have none of their range contained within areas of 66 existing conservation or biodiversity importance, as well as those that do not meet various 67
representation targets (we focus on the minimum target of 10% of total range covered, 68 although other targets were explored). We then use an algorithm for solving integer linear 69 programming problems (23) to identify additional conservation priorities to achieve coverage 70 targets for each species while minimising the total area required. To assess the actions needed 71 to conserve species within these areas, we then map the intensity of 15 damaging human 72 activities across them, using the most comprehensive database of human stressors to the 73 ocean (24). We distinguish between ocean-based stressors (e.g., fishing) -which can be 74 managed with MPAs, OECMs, or other regulations concerning ocean activities (e.g. fishing, 75
shipping) -and land-based stressors (e.g., nutrient runoff) which require terrestrial 76 management. We ignore stressors where local actions have limited benefit (e.g. climate 77 change). By doing this, we present an ecologically relevant, action-oriented plan to inform 78 future marine conservation frameworks. Using data on the global distribution of MPAs, we find that two-thirds of species (n = 85 15,149) meet a target of >10% range coverage by protected areas (Figure 1A ; , 25). Coverage 86 levels vary considerably across marine taxa. Reptiles (n = 32) are the most well-covered 87 group, with >90% of species meeting the 10% threshold, and all species having >2% of their 88 range within MPAs ( Figure 1A) . In contrast, three percent of 3556 arthropod species have 89 none of their range covered by protected areas, and only one-third of 117 mammal species 90 each species' range (as both mechanisms aim to conserve at least 10% of the ocean, 116 especially "areas of particular importance for biodiversity"; (25, 26) . However, we also 117 explored a scenario which sets high targets (100%) for small-ranged species, lower targets 118 (10%) for large-ranged species, and linearly scales targets between these values for medium-119 ranged species (see supplementary materials). We did not include Ecologically or 120 Biologically Significant Marine Areas (EBSAs) because many are mapped at such large 121 spatial scales that they are not useful as targets for area-based conservation without further 122 refinement. We used a uniform proxy for cost data (area of conservation zones), rather than 123 socio-economic data (e.g. fishing effort), to avoid inaccuracies and errors in socio-economic 124 data biasing selection of planning units (27) . 125
126
Representing 10% of all mapped species ranges would require 8.5 million km 2 (~2.5% of the 127 ocean) of new conservation priority areas in total, with just over half (55.4%, 4.7 million 128 km 2 ) located inside exclusive economic zones (EEZs; Figure 2 ; Figure S2 ). Combined with 129 existing MPAs, KBAs, and marine wilderness, these areas cover 94.3 million km 2 (26%) of 130 the ocean ( Figure 2 ). In comparison, expanding priority areas to meet species range-size 131 based targets, which vary from 10% for large-ranged species to 100% for small-ranged 132 species (28), would require 66 million km 2 of new conservation priorities. When combined 133 with existing areas of conservation and biodiversity importance, these expanded priorities 134 would cover 152 million km 2 (41%) of the ocean ( Figure S3 ). (452,000 km 2 ), 64,000 km 2 more than that of the next highest nation Indonesia (388,000 km 2 ; 149 To assess threats to species across new conservation priority areas, we used the most 161 comprehensive, globally consistent database on 19 human stressors to the marine 162 environment (24). We excluded four climate stressors as they can only be effectively 163 addressed through global action to reduce emissions, while here we focus on conservation 164 actions that can be taken at the local to national scale. We classified the 15 remaining 165 stressors based on whether they are ocean-based (e.g. fishing, commercial shipping) and can 166 thus be managed with strict MPAs or other spatial regulations, or are land-based (e.g. nutrient 167 runoff) and will require terrestrial actions such as land-use management to reduce runoff 168 (Table S1) . based threats, this may be partly due to a lack of data on fishing activity. For example, in 178
Somalia it is estimated that illegal, unregulated and unreported fishing catch is almost three 179 times higher than official estimates (30). Future global strategies to address biodiversity loss will require rapid action to secure 202 imperiled species and ecosystems, combined with long-term approaches to sustainably 203 manage the ocean in its entirety (8). We show that effective conservation of an additional 8.5 204 million km 2 -alongside improved management of existing MPAs, and proactive conservation 205 of KBAs and marine wilderness (which cover ~60 million km 2 ) -could achieve a minimum 206 representation target of 10% for all mapped marine species. If species range-size based 207 targets are used, an additional 15% of the ocean (~57 million km 2 ) would require 208 conservation. Regardless of the target used, our findings echo previous analyses showing that 209 meeting global conservation targets for all mapped terrestrial species ranges will require large 210 increases in the total area under conservation (33). 211
212
Our findings, showing that at least 26% of the ocean needs to be conserved are similar to 213 recent calls from CBD parties and observers for a post-2020 conservation framework that 214 ensures at least 30% of Earth is covered by effectively managed PAs and OECMs (34, 35).
However, we are unable to quantify the proportion of priority areas that require conserving 216 through site-based approaches (i.e. PAs and OECMs) versus broad-scale policy responses. 217
Furthernore, our figure of 26% is likely a significant underestimate of the total area required. 218
Beyond the fact that this result was based on a minimalistic 10% species representation 219 target, our species data notably exludes all marine birds and represents a tiny fraction all 220 marine species (36). We also do not consider the fact that species are changing their 221 distributions in response to climate change (37), and assume that conservation of all areas 222 within a species' range contribute equally towards its conservation, ignoring areas important 223 for different life-history stages (e.g., breeding grounds, feeding areas, migration routes). 224
Furthermore, recently adopted KBA criteria (17) have yet to be applied to many taxa and 225 ecosystems, so the marine KBA network will increase in the near future. 226
227
The benefits of marine conservation actions (e.g. MPAs, OECMs) are clearly commensurate 228 with good design, adequate resourcing, fair governance and equitable management, which are 229 lacking in many countries (38). However, our results assume that all MPAs are effective in 230 stopping threats to biodiversity, likely vastly overestimating their conservation impact (39) . 231
For effective conservation, MPAs should conform to the IUCN's global standards for 232 conservation success (34), and as such, it is timely to consider revising the status of some 233 areas currently considered MPAs (e.g. removing areas which are managed for fishing and 234 have little or no conservation benefit). Furthermore, it is crucial to recognise that well-235 managed MPAs are only part of a suite of management options necessary to maintain ocean 236 health (34), and that they must be combined with OECMS, land-based actions, and broad-237 scale approaches leading to improved management of the ocean beyond the protected area 238 estate (e.g. fishery sustainability reporting, mandatory environmental impact asessments for extractive projects). These broad-scale policy approaches will often be better suited for 240 wilderness conservation than MPAs, given the size and remoteness of many wilderness areas. 241
242
It is important to target management actions to the threats facing species in conservation 243 priorities. Areas affected primarily by ocean-based threats are priorities for MPA designation, 244
OECMs, or broad-scale policy responses such as strictly enforced fisheries regulations. 245
However, many of these areas also support highly productive fisheries, meaning regulations 246 can fail in the face of intense opposition from fishers (40). Overcoming these challenges will 247 require identifying which species and ecosystems are most vulnerable to ocean-based 248 impacts, and thus require strict protection to prevent extinctions, and also identifying where 249 conservation outcomes can be achieved while allowing sustainable resource extraction. It is 250 also crucial to recognise that the priority areas we identify require effective conservation, 251 which does not necessarily equate to strict protection in MPAs. In many cases, management 252
in OECMs or through broad-scale policy mechanisms may be more appropriate, particularly 253 for extensive marine wilderness areas where site-based conservation may be inappropriate. In 254 areas where land-based stressors play a dominant role in determining ecosystem condition, 255
MPAs will have little benefit unless the adjacent land is also managed for conservation (31) . 256
This may involve triaging areas where high levels of land-based stressors make achieving 257 conservation outcomes unlikely or prohibitively expensive. In other areas, species-targeted 258 gear restrictions might be preferable to MPAs, especially for pelagic megafauna with wide 259 distributions, or for species that are only threatened by a single fishery (41). Because over 46% of priority areas are located in the high seas, developing and implementing 275 conservation actions in these areas will be crucial for future conservation agreements. 276
Conservation action in the high seas is legally challenging and has so far been limited, with 277 only 1.18% currently protected (6). However, the need for high-seas management is also 278 being increasingly recognised by the international community, with the UN currently 279 negotiating a legally binding high-seas conservation treaty to be established under the 280 existing Law of the Sea Convention (45). Legal options for conservation under such an 281 agreement are still being debated, but it will likely provide an opportunity to increase the use 282 of area based conservation management tools (e.g. MPAs, fishing restrictions), and to 283 mandate environmental impact assessments for all activities occurring in the high-seas (45). 284
285
Given the difficulties in establishing MPAs in the high seas, another option is to use existing 286 international and regional agreements to achieve conservation goals. For example, Regional 287
Fisheries Management Organisations (RFMOs) -international organizations formed by 288 countries to manage shared fishing interests in a certain area -are already used to set catch and fishing effort limits (46). In some areas, RFMOs have even been used to protect 290 vulnerable marine ecosystems from bottom-trawl fishing (46), so use of these powers to 291 create more high seas conservation areas is certainly feasible (45). Alternatively, given that 292 54% of high seas fishing would be unprofitable without government subsidies, subsidy 293 reform could also act as a useful management tool for high seas fisheries (47). represents the start of a bold plan for the future of marine conservation. 305
Materials and Methods 307 308
All spatial data described below were processed using ESRI ArcGIS v10.5 in Mollweide equal-area 309 projection. All prioritisation analyses were conducted using R statistical software 3.3. 310
Gap analysis 311 312
Data on the global distribution of protected areas (PAs) were obtained from the 2017 World Database 313 on Protected Areas (48). Following similar global PA studies (49) we extracted PAs from the WDPA 314 database by selecting those areas that had a status of "designated", "inscribed", or "established", and 315
were not designated as UNESCO Man and Biosphere Reserves. We included only PAs with detailed 316 geographic information in the database, excluding those represented as a point only. We then used a 317 layer delineating global coastline to identify marine PAs (MPAs) by clipping PA polygons to only 318 include those which have some overlap with marine area 319 of Key Biodiversity Areas (http://www.keybiodiversityareas.org/). We used a layer of terrestrial 324 country boundaries to clip KBA polygons to only include those which overlap with marine area 325 http://datadryad.org/resource/doi:10.5061/dryad.6gb90.2). We used previously identified data on 326 marine wilderness areas (4), which were mapped by identifying areas that have both little to no impact 327 across 15 human stressors to the marine environment (excluding 4 climate stressors), and also a low 328 combined impact from 19 human stressors including climate change stressors. To avoid double 329 counting areas that are covered by MPAs, KBAs, and marine wilderness, we merged these three 330 layers and dissolved areas where they overlapped. 331 332 2015 data on marine biodiversity was obtained from Aquamaps (36), a species distribution modelling 333 tool that correlates known species occurrence points with environmental data (e.g. temperature, 334 salinity) to produce standardised global range maps for 22,885 aquatic species. This is the most 335 comprehensive and highest resolution data available on the distribution of marine biodiversity 336 globally, and includes Animalia (fishes, marine mammals, and invertebrates), Plantae (fleshy algae, 337 seagrass), Chromista (calcifying algae) and Protozoa. The species distribution maps predict relative 338 probabilities of species occurrence (ranging from 0.00-1.00) at a resolution of 0.5-degree cells. It is 339 assumed that the preferred range is where probability is 1, outside the range limits is where probability 340 is 0, and between these two thresholds the relative environmental suitability decreases linearly. As 341 there is no recommended threshold to use, we follow previous studies and report on results using 342 probability threshold of 0.5 or greater (16). We did explore other probability thresholds and found that 343 the results varied very little (see supplementary materials). 344
345
To assess coverage of marine species distributions in MPAs, KBAs and wilderness areas, we 346 determined the proportion of protected area (MPA, KBA and wilderness) in each 0.5-degree cell. As 347 we do not know the exact distribution of species within each cell, we assumed that the area of a 348 species' range represented in protected areas was equal to the protected area coverage for grid cells 349 that species was present in. 350
351

Spatial prioritisation analysis 352 353
We used integer linear programming to identify spatial priorities that meet a percentage coverage 354 target for each of the 22,885 Aquamaps species, while accounting for the level of protection in 355 existing MPAs, KBAs and wilderness, and minimizing the total cost of selected cells, with area as the 356 cost, following previous studies (23). This is frequently referred to as the minimum-set problem in 357 spatial conservation planning. We used the software package Gurobi (version 5.6.2) to find solutions 358 to this minimum-set problem. Gurobi is proprietary software that uses several algorithms, including 359 simplex and branch and bound algorithms, to solve linear programming problems and is guaranteed of 360 finding optimal solutions given enough time. We set Gurobi to achieve a solution within 0.5% of the 361 optimum (i.e. when the current solution was within 0.005 times the guaranteed lower boundary of the 362 optimal solution). The optimal solution is that which achieves the coverage target with the lowest 363 possible cost. We explored 3 different coverage targets: 10% of species range (reported in main text), 364 20% of species range, and a set of targets that varied depending on the total range size of each species 365 (reported in supplemental materials). 366
367
We used 0.5-degree cells as our planning units (areas which can be selected or not selected for 368 conservation), as this is the same scale as our species distribution data. We extracted all planning units 369 containing species distribution records from Aquamaps (n = 178,234) and assigned each planning unit 370 a cost value equal to the area of the cell that is not covered by an MPA, KBA or marine wilderness 371 area. Thus, the cost value reflects the additional area per cell which requires management if selected 372 for conservation. 373
Assessing threats facing priority areas 375 376
We assessed the anthropogenic threats facing priority areas using normalized data on cumulative 377 human impact to marine ecosystems (24). This threat database includes 19 individual human stressors, 378 but we excluded four climate change stressors. We then categorized threats as ocean-based or land-379 based, depending on their origin (see Table S1 for full list). Ocean-based threats have clear marine 380 origins, such as fishing and shipping, can therefore potentially be managed through effective MPAs of 381 other ocean-use regulations, whereas land-based threats (e.g. nutrient runoff, coastal armouring) 382 originate on land and will require land-management to address. All measures of fishing pressure, 383
shipping (shipping lanes and ship-based pollution) and ocean structures (e.g. oil rigs) were considered 384 as 'ocean-based' in our analysis, while all other threats were considered land-based. We summed the 385 values for each individual stressor layer within the ocean-based and land-based stressor groups, to 386
give final ocean-based and land-based human impact values. Using this information, we used the 387 zonal statistics tool in ArcMap 10.5 to calculate the mean level of ocean and land-based threat within 388 each planning unit selected as a priority area in our spatial prioritisation analysis. 389 390
Sensitivity Analyses 391 392
The Aquamaps species distribution maps we used for our gap analysis and spatial prioritisation 393 predict relative probabilities of species occurrence (ranging from 0.00-1.00) at a resolution of 0.5-394 degree cells. It is assumed that the preferred range is where probability is 1, outside the range limits is 395 where probability is 0, and between these two thresholds the relative environmental suitability 396 decreases linearly.To test the sensitivity of our results to the probability threshold used to determine 397 species distributions within each 0.5-degree cell, we repeated our gap analysis using 4 probability 398 thresholds: 0.25, 0.5, 0.75 and 1 (results presented in the main text use 0.5). 399 400 When using various probability thresholds to determine species distributions, the number of species 401 within each coverage group (e.g. no coverage, 0-2% coverage etc.) varied by less than 1% across all 402 probability thresholds tested (Table S1) , and thus our results are not sensitive to species distribution 403 modelling uncertainties. Furthermore, previous studies using Aquamaps data found that varying 404 probability thresholds makes very little difference to global scale analyses (16) . 405
To test the sensitivity of our results to the species representation target used, we explored 3 targets in 407 our spatial prioritisation analyses, all of which aimed to minimse the total area of selected planning 408 units: 10% of species range, 20% of species range, and range-size based targets that vary depending 409 on the total range size of each species. For the latter case, we set a 100% coverage target for species 410 with ranges < 10,000 km 2 , while for wide-ranging species (> 390,000 km 2 ) the target was reduced to 411 10% coverage, and where geographic range size was intermediate between these extremes, the target 412 was log-linearly interpolated. The 390,000 km 2 threshold is arbitrary, but it follows previous studies 413 (28) and corresponds to roughly one-third of all species analysed. For each set of targets, we set 414
Gurobi to achieve a solution within 0.5% of the optimum (i.e. when the current solution was within 415 0.005 times the guaranteed lower boundary of the optimal solution). The optimal solution is that 416 which achieves the coverage target with the lowest possible cost. As such, the prioritisations 417 conducted in this sensitivity analysis identify sets of planning units that meet each species 418 representation target (10% of all species ranges, 20% of all species ranges, and species range-size 419 based targets) in the least possible area. 420 421 When using various species range targets in our spatial prioritization analysis, there was a high level 422
of overlap between selected planning units, although the total area of priorities changed substantially. 423
More than half of all the planning units selected when using a 10% coverage target were also selected 424 when using a 20% target (Table S2 ). As expected, considerably more area was required to meet the 425 range-size based targets, although 56% of planning units selected under the range-size based targets 426 were also selected when using a 10% target. This suggests our priority areas are robust to different 427 target setting approaches, as over 50% of planning units are always selected, regardless of the specific 428 species representation target used. As such, future conservation agreements and priority setting 429 exercises, which may use representation targets different to the 10% coverage target we report on in 430
the main text, can efficiently build on the priority areas we identify. To explore how our conservation priority areas overlap with seabird ranges, we obtained data on the 435 distribution of birds from Birdlife International (http://datazone.birdlife.org/species/requestdis). We 436 extracted all birds classified as seabirds, and calculated the area of overlap between each seabird 437 species range and our conservation priority areas. We found that our priority areas overlap with 67.4% 438 (n= 247) of all seabird ranges, and cover 12.2% of individual species range area on average. In 42.8% 439 (n= 157) of species, our priority areas cover >10% of their range. 440 priorities. The size of each section is proportional to the area of conservation priorities within each continent and country. Antarctica is excluded 643
as it is the territory of multiple nations. COL = Colombia, GRL = Greenland, HND = Honduras, PHL = Phillipines, TLS = Timor-leste, VEN = 644
Venezuela. 645 Table S2 . Proportion of marine species with 0% (gap), 0-2%, 2-5%, 5-10%, and >10% of their range 672 overlapping with marine protected areas (IUCN I-VI), key biodiversity areas, and marine wilderness 673 areas, for species probability thresholds ranging from 0.25-1. 674 Table S3 . Total area, number of selected planning units, and the number of planning units which
Aquamaps probability threshold
